The distribution coefficients of Ni, Co, Ag, Au, Pt, and Pd between molten copper and silica-saturated iron silicate slags (L Cu=s Me ) were measured experimentally. The distribution behaviors were studied under typical conditions of copper converting and fire refining, i.e., from 1250°C to 1350°C, and from 10 À8 to 10 À4 atm oxygen partial pressure. The coefficients were determined as the ratios of the trace element weight concentrations measured in situ, directly from the equilibrated metal and slag phases. For the quantitative elemental analysis of the phases, state-of-the-art analytic techniques, including electron probe microanalysis and laser ablation-inductively coupled plasma-mass spectrometry, were employed. The distribution coefficients L
I. INTRODUCTION
OUR society requires a continuous, ever-increasing supply of metals to maintain modern levels of living. Growing metal demand with decreasing natural resources requires dramatic increases in metal recycling, achievable only with the ability to process new complex feed materials efficiently. For metals' production from these complex materials, accurate thermodynamic and phase equilibrium data are essential, especially for the minor elements in the base metals processing. Sustainability and resource efficiency concepts are driving to develop integrated, cleaner processes, which fully utilize renewable resources, i.e., metals recycling, with the least environmental impact. In particular, the aim is to build an industrial circular economy model, which is ''a regenerative system in which resource input and waste, emission, and energy leakage are minimized by slowing, closing, and narrowing material and energy loops''. [1] Metal wastes, such as various end-of-life (EoL) electrical and electronic equipment, have a particularly high value as secondary sources of metals. The concentrations of valuable elements in e-wastes (WEEE) are higher than in sulfidic copper ores. [2] The best practices for processing copper-bearing wastes and e-scrap worldwide are the black copper smelting route [3, 4] and the primary matte smelting copper making route, integrated with secondary raw materials utilization. [5] A fraction of such wastes is processed through the black copper smelting route, where low-grade scrap is typically treated in top-submerged lance [6, 7] and Kaldo furnaces under consecutive reducing and oxidizing conditions. [2] Alternatively, high-grade copper scrap can be charged directly to copper converter in the primary copper making route.
Efficient processing of complex copper sulfide concentrates and scrap requires thermodynamic data for the separation of impurities under the copper-making conditions. Present industrial practices, especially for secondary materials processing, are not optimized. One of the main reasons is the scarcity of the available thermodynamic data for minor elements. Moreover, the elements of e-scrap have variable favorable conditions for their pyrometallurgical recovery, i.e., the combination of temperature, oxygen potential, and slag composition.
A. Context
Rapidly changing technologies and consequently a short life span cause an increasing rate of EoL equipment generation, faster than any other type of waste. [8, 9] Due to the increasing volume of WEEE and more strict environmental regulations, the traditional way of e-waste handling, i.e., burning in incinerators, disposing in landfills or exporting abroad for disposal, is no longer an option. [10] Also, due to advancement of technology, electronic products are getting more demanding for their subsequent recycling, as e-waste currently may contain up to 50 elements including precious (PM) and hazardous metals. [11] For instance, PMs used as contact materials are essential components of electronics, while platinum group metals (PGMs) are utilized in relays, switches, catalysts, and high-temperature applications. [2] Most of the value in scrap produced from, e.g., EoL cell phones and printed circuit boards (PCBs) is associated with PMs, rather than copper. [2] For instance, cell phones contain up to 20 to 120 ppmw of Ag, Au, Pd, and Pt, [12] while PCBs, which are essential parts of electronics, contain as much as 0.1 to 0.2 wt pct Ag and Au. [2] However, a considerable variation in e-waste composition has been reported depending on its age, origin, manufacturer, and, e.g., concentrations of non-ferrous metals and PMs have been gradually decreasing in WEEE over the past few decades. [2] Crude copper generated in the processing acts as a collector for the noble metals, which are separated and refined in the subsequent stages. Thus, it is beneficial to know precisely the operational conditions favorable for higher recovery rates of these metals. Furthermore, the credits from these metals produced as by-products improve the economics of copper making plants, while decreased levels of the harmful elements in discarded slags mitigates environmental hazards.
This study aims at providing new experimental data for facilitating an increase in the efficiencies of raw materials handling and saving mineral resources, as well as the use of WEEE in primary copper processing circuits. The distribution coefficients of elements between metallic copper and slag determine the levels of harmful impurities in copper and losses of valuable elements to slag. Therefore, we focused on valuable metal recovery in the primary copper making by accurate determination of the distribution coefficients. The focus was on the behavior of Ni, Co, Ag, Au, Pt, and Pd in copper converting and fire refining, and distributions of the elements between metallic copper and iron silicate slag within temperature and oxygen partial pressure ranges of interest. The study is an extension of our results reported earlier. [13] B. Previous Studies Mackey et al. [14] [15] [16] investigated the Noranda process and determined distribution ratios for various trace elements among the phases present in the reactor during pilot experiments. The operational conditions were 1250°C, 0.21 to 0.3 atm p O 2 for the gas blow and Fe/ SiO 2 ratios of 1.4 to 1.9. While the values reported are useful, they do not necessarily represent the equilibrium distribution coefficients, because industrial conditions are always dynamic and compositional gradients exist within the phases. For Co, Ni, Ag, and Au, the distribution coefficient L Cu=s Me values reported were 0.3, 0.6, 30, and 300, respectively. Takeda et al. [17] reported distributions of various trace elements between copper and Fe-O-CaO and Fe-O-SiO 2 slags over a wide range of oxygen partial pressure at 1250°C. The suggested forms of dissolved species in slag were CuO 0.5 , AgO 0.5 , and CoO, while for nickel an intermediate slope between NiO and NiO 0.5 was reported. Insignificant differences in the distribution behaviors of Co and Ni between the slags were reported. The distribution coefficients of Co and Ni decreased with oxygen partial pressure (10 À10 to 10 À6 atm) from 1 to 0.005 and from 50 to 1, respectively. The distribution coefficient of silver between copper and Fe-O-CaO slag decreased within the same p O 2 range from 3000 to 500.
Yamaguchi [18] Kashima et al. [20] studied distributions of various elements, including Ag, Ni, and Co, in the silica-saturated copper-white metal-slag system at 1300°C, as a function of sulfur dioxide partial pressure (0.007 to 0.1 atm). The copper-slag distribution coefficients were approximately for Ag = 70, Co = 0.1 to 0.01, and Ni = 10 to 1. NiO and CoO were suggested as the predominant species dissolving in the slag, while for Ag the effect of varying p SO 2 (and consequently p O 2 ) was not clear.
Copper-gold alloys were utilized in studies focused on determination of the activities of CuO 0.5 in Fe-O-SiO 2 slags, [21] [22] [23] to vary the activity of copper in the system and to distinguish between the chemically dissolved and the mechanically entrained copper. Toguri and Santander [23] also studied the distribution of gold between copper and Fe-O-SiO 2 slags as a function of temperature (1250°C to 1350°C), oxygen partial pressure (10 À8 to 10 À7 atm) and copper-gold alloy composition. Scattering values of gold solubility in the slag on the level of several hundreds of ppm were reported, with no correlation suggested.
Takeda and Roghani [24] reported distributions of silver between copper metal and Fe-O-CaO-SiO 2 slags with various CaO/SiO 2 ratios at 1300°C. In the case of the Fe-O-SiO 2 slag, L Cu=s Ag decreased from 300 to 20 with increasing p O 2 from 10 À8 to 10 À4 atm. A significant effect of the slag basicity was observed, i.e., the distribution coefficient with Fe-O-SiO 2 slag was about five times lower compared to the Fe-O-CaO slag. Hidayat et al. [25] measured silver distributions between copper metal and an Fe-O-SiO 2 slag at 1250°C and in 10 À9 to 10 À7 atm p O 2 . Measured distribution coefficients were reported to vary from about 800 to 150, respectively.
Altman and Kellogg [22] reported gold solubility in silica-saturated Fe-O-SiO 2 slag to be around 80 ppmw Au at temperatures from 1224°C to 1286°C. Taylor and Jeffes [21] measured a 40 to 80 ppmw Au solubility in iron silicate slags, at temperatures from 1300°C to 1450°C
, in oxygen partial pressures from 10 À13 to 10 À5 atm and with varying Fe/SiO 2 ratio, achieved by a substrate-free technique with a levitation cell. In addition, Swinbourne et al. [26] reported that gold solubility in an Fe-O-SiO 2 slag at 1300°C increases from 100 to 400 ppmw with p O 2 from 10 À9 to 10 À7 atm. Their experiments involved equilibration of slag with pure molten gold in alumina crucibles. Baba and Yamaguchi [27] reported platinum solubility in Fe-O-SiO 2 slags at 1300°C to be on the level of 3 to 7 ppmw, increasing with an increase in p O 2 (10 À9 to 10 À6 atm) and with increase of Pt fraction in the copper alloy (10 to 40 wt pct Pt). Around 10 wt pct MgO was reported dissolved in slag, due to MgO saturation. Several geological experimentalists propose much smaller solubilities for gold, palladium, and platinum in Fe-O-SiO 2 slags and lowiron basalts. [28] [29] [30] Shuva et al. [31] [32]
II. EXPERIMENTAL
The experimental technique employed in this study combined a high-temperature isothermal equilibration of metallic copper with silica-saturated iron silicate slag, at ambient pressure and under fixed oxygen partial pressure, followed by a rapid quenching and direct analyses of the retained equilibrium assembly and phase compositions at room temperature.
The Gibbs phase rule is a helpful tool for describing the system in a concise way and analyzing a complex heterogeneous equilibrium with reactive components. [33] The present base system is comprised of five components (Cu, Fe, O, CO 2 and SiO 2 ) with four coexisting phases (solid silica, molten slag, molten copper, and gas). Therefore, two degrees of freedom remain to fully fix the isobaric system and establish equilibrium, which are temperature and oxygen partial pressure. Beyond that, every trace element added to the system increased the number of degrees of freedom by one and their distribution coefficients are measured in this study.
A. Synthesis of Master Alloy
The trace elements Ni, Co, Ag, Au, Pt, and Pd were introduced into the system as pure metals. A master alloy containing 94 wt pct copper and 1 wt pct of each trace element (Ag, Au, Co, Ni, Pd, and Pt) was prepared prior to the distribution experiments. Copper shots and pelletized trace element powders (Table I) were placed into a fused silica ampoule. The ampoule was flushed with 99.999 vol pct pure argon (AGA-Linde, Finland) and evacuated to 2 9 10 À2 mbar, prior to sealing it with an O 2 -H 2 torch. The alloy was synthesized in a vertical resistance tube furnace at 1200°C for 180 hours. The equilibrated master alloy was water-quenched. [32] B. The Setup and Procedure
The distribution experiments were conducted in a vertical resistance furnace equipped with an alumina work tube Degussit AL23 (Friatec, Germany), impermeable to gas ( Figure 1 ). The oxygen partial pressure was fixed by mixtures of either CO-CO 2 or CO 2 -N 2 (Table II) . The chemically pure gases were supplied by AGA-Linde (Finland), CO 99.97 vol pct, CO 2 99.9993 vol pct, and N 2 99.999 vol pct. DFC26 mass-flow controllers (Aalborg, USA) were employed to regulate the gas flow rates, and the gases were mixed in a column filled with ceramic pebbles at room temperature. The total gas flow rate was 300 mL min À1 (normal temperature and pressure) in all experiments. The experimental temperature was measured with a calibrated S-type, Pt/ Pt-10 pctRh thermocouple (Johnson-Matthey Noble Metals, UK) next to the sample during the entire equilibration (accuracy of ± 2°C). The thermocouple was connected to a multimeter (Keithley 2010 DMM). A Pt100 resistance thermometer (tolerance class B 1/10; SKS-Group, Finland) connected to a multimeter (Keithley 2000 DMM) measured the cold junction temperature.
The molten copper and molten slag were equilibrated in small bowl-shaped fused silica crucibles (10 mm outer diameter, 6 mm height, 99.98 wt pct pure; OM Lasilaite, Finland) suspended in the hot isothermal zone of the furnace ( Figure 1 ). Pieces of the master alloy and a mixture of oxides were used as starting materials for the distribution experiments. The oxide mixture was comprised of 30 wt pct SiO 2 (pulverized in agate mortar) and 70 wt pct Fe 2 O 3 (Table I) . About 60 to 80 mg of the master alloy and an equal amount of the oxide mixture were placed in a fused silica crucible. A platinum wire (99.99 wt pct pure; Johnson Matthey Noble Metals, UK), 0.5 mm in diameter and a basket made of it were used for the crucible suspension. The location of the furnace hot zone was determined beforehand by measuring the temperature profile of the furnace along the working tube.
The equilibrated samples were rapidly quenched to a chilled NaCl-water solution (t = À 8°C ± 2°C). The small sample weight facilitated high cooling rate and aided in retaining the high-temperature equilibrium compositions and structures of the phases.
C. Sample Preparation for Elemental Analysis
The quenched samples were rinsed with fresh water, dried at room temperature, and subsequently mounted in EpoFix epoxy resin (Struers, Denmark). Cross sections were prepared employing routine metallographic methods of wet grinding and polishing. A Leica EM SCD050 sputtering device (Leica Mikrosysteme, Austria) was employed to carbon-coat the polished sections for examination of the microstructures and elemental analysis of the equilibrium phases. Preliminary examination of the samples was conducted using a LEO 1450 (Carl Zeiss Microscopy, Germany) scanning electron microscope (SEM) coupled to an Oxford Instruments X-Max 50 mm 2 energy dispersive spectrometer (EDS) (Oxford Instruments, UK). Further analyses with a particular emphasis on trace element concentrations were conducted using electron probe X-ray microanalysis (EPMA) and laser ablation-inductively coupled plasmamass spectrometry (LA-ICP-MS) techniques, as described in detail in Sections II-D and II-E.
D. Electron Probe Microanalysis
Elemental compositions of the copper alloy and slag were determined with a Cameca SX100 EPMA (Cameca SAS, France) equipped with five wavelength dispersive spectrometers (WDS). The number of measurements in each phase was eight. The beam diameter was 100 lm for the metal phase and 50 lm for the slag phase. Table III shows the standards and the respective X-ray lines utilized. The accelerating voltage and the beam current employed were 20 kV and 80 nA, respectively. Totals of the EPMA analyses ranged from 98 to 100 pct.
E. Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry
In laser ablation, the introduction of the sample into a plasma is employed. Material is removed from a solid surface of the specimen (Figure 2 ) by laser irradiation, forming a plume of ablated material in helium gas. Sample plus He carrier gas is then mixed with argon make-up gas before entering the argon plasma, where it is ionized for subsequent quantitative isotopic analysis of the elements. [34, 35] A Photon Machines Analyte Excite Laser Ablation System with 193 nm wavelength ArF excimer laser (Teledyne CETAC Technologies) coupled to a Nu AttoM single collector sector field ICP-MS (Nu Instruments, UK) was employed for in situ elemental analysis of the slag phase. Material was ablated from selected spots (see Figure 2 ) of the glassy slag located with the aid of an on-board high definition (down to 2 lm) zoom optical microscope system. The spot diameter and the laser fluence were 85 lm and 1.92 J cm À1 , respectively. The laser was operated at 10 Hz frequency starting with 5 pulses of pre-ablation for removal of the carbon coating from the surface and other contamination, followed by a 20-second pause for system clean-out, a 20-second on-peak baseline measurement followed by 400 analysis pulses. The mass spectrometer was operated in FastScan mode with low resolution (DM/M = 300) to maximize sensitivity.
NIST 612 SRM [36] and Si (by EPMA data) were employed as external and internal standards, respectively. USGS BHVO-2G and BCR-2G basaltic glasses, as well as NIST 610 SRM were analyzed as unknowns for monitoring the hardware conditions and analysis quality. Glitter software package [37] did the raw data processing, i.e., baseline reduction and quantifications.
Concentrations of the following isotopes were measured in the LA-ICP-MS analysis: 59 Co, 60 Ni, 62 Pd with 108 Cd. The first one is negligible, because ruthenium concentration in the standard is several orders of magnitude lower than that of palladium. The cadmium-related interference was removed mathematically from the raw data of 106 Pd and 108 Pd concentrations by incorporating an appropriate correction factor. [39] 
F. Equilibration Time and Repeatability
In a preliminary time series of experiments, sufficient equilibration time was determined to be 12 hours. Therefore, all experiments in the main series were conducted with this equilibration time. From the main series of experiments, it was observed that at p O 2 = 10 À4 atm, the copper fraction in the copper alloy was significantly lower than at the lower oxygen partial pressures. Thus, these experiments were repeated with an addition of Cu 2 O to the starting mixture. Cu 2 O was produced from pure 99.99 + wt pct copper cathode by prolonged oxidation in air at 1026°C, as described previously. [40] One experiment was conducted at p O 2 = 10 À8 atm and at 1350°C with different starting materials to assure the equilibrium was attained. Specifically, pulverized metallic iron (Table I) 
the same way as in the main series as a test level of the repeatability. The results acquired in all the experiments conducted were summarized and are discussed below (see also data in Supplementary Material, refer to Electronic Supplementary Material).
III. RESULTS AND DISCUSSION
The distribution coefficients of base metals Cu, Fe, Ni, and Co, and noble metals Ag, Au, Pt, and Pd were determined in experimental runs conducted at three temperatures, 1250°C, 1300°C, 1350°C and five oxygen partial pressures, 10 À8 , 10 À7 , 10 À6 , 10 À5 , and 10 À4 atm, as shown in Table II . Previous observations [17, 41] regarding magnetite separation from Fe-O-SiO 2 slag at 1250°C occurring at p O 2 above 10 À7 atm were confirmed experimentally and by thermodynamic calculations using MTDATA software and MTOX v. 8.1 database.
[42] Figure 3 shows that at 1250°C, the molten oxide (slag) in the Cu-Fe-O-SiO 2 system is stable at oxygen partial pressures below 10 À6 atm. Therefore at 1250°C, the distribution coefficient measurements were limited to the p O 2 range from 10 À8 to 10 À7 atm. samples are comprised of the metal alloy, the slag phase, elongated crystals of tridymite (solid, secondary silica) and the crucible (fused vitreous silica). In general, this microstructure was uniform for all samples. However, the samples equilibrated at higher oxygen partial pressures have much higher concentrations of copper ; dotted line 10 À8 atm; Mtox database [42] : CRI = cristobalite, SP = spinel, TRI = tridymite). dissolved in the slag. It has been previously reported [43] and observed also in the present study that, liquid oxides and silicates with high copper concentrations have a poor quenching ability and a tendency to form copper-rich precipitates. More specifically, the molten slag in the samples equilibrated at 10 À8 to 10 À7 atm oxygen partial pressure formed a nearly homogeneous glassy structure post quenching (Figure 4(a) ), while those equilibrated at 10 À6 to 10 À4 atm formed copper rich precipitates in the slag (Figure 4(b) ). To minimize analytical errors, the well quenched (glassy or microcrystalline) slag areas were selected, and a relatively large spot size was employed.
A. Microstructures of the Samples in Equilibrium

B. Slag Composition
Iron-to-silica ratio (wt pct Fe tot )/(wt pct SiO 2 ) is a characteristic of slags that is commonly used as a control variable in the industry. Under the present experimental conditions, the silica-saturated Fe-O-SiO 2 slag had a Fe/SiO 2 ratio ranging from 0.70 to 1.45 ( Figure 5 ). In general, the ratio slightly increases with p O 2 [25] up to 10 À6 atm and decreases with temperature. However, at p O 2 around 10 À6 to 10 À5 atm, the copper concentration in the slag became so high (10 wt pct Cu and higher) that it contributed significantly to the total slag composition, mainly decreasing the iron content and consequently decreasing the Fe/SiO 2 ratio (especially at p O 2 = 10 À4 atm). In addition, at p O 2 = 10
À4
atm an effect of copper concentration in the metallic phase on the slag composition was evident ( Figure 5 ), i.e., increasing concentration of copper in the slag reduced the Fe/SiO 2 ratio. The chemically dissolved copper concentration in slag varied from 2 to 45 wt pct Cu, increasing with increasing p O 2 and decreasing slightly with an increase in temperature, as shown Figure 6 . The former correlation is evident, because copper dissolves in the slag in the form of CuO 0.5 , [41] while regarding the latter, interesting trends were reported in the literature, the solubility of copper in acidic slags reduces with increase in temperature, [23] and in basic slags the trend is the opposite. [44] It is worth noticing that this refers to the true chemical solubility, which can be a secondary reason for industrial copper losses in slag, while mechanically entrained copper may be the primary source. [45] C.
Validation of the Analytic Techniques Applied
The metallic alloy was well characterized with EPMA, including its solute element concentrations. The slag was also characterized with EPMA, but its equilibrium concentrations of PMs and PGMs fall well below the EPMA detection limits. Therefore, in order to measure their concentrations accurately, the slag was additionally characterized with the LA-ICP-MS technique. The typical detection limits of EPMA for elements analyzed in the present study ranged from one hundred to several hundreds of ppmw (Table IV) , while LA-ICP-MS is a technique mainly focused on analysis of ppm and sub-ppm levels of trace element concentrations.
LA-ICP-MS detection limits depend on the sensitivity, background noise, and signal measurement time. The background noise is a function of the instrument baseline at the mass measured, while the sensitivity depends on multiple variables, most importantly on the mass of the material ablated, [34] as well as on the matrix of the phase analyzed, and the element of interest, its concentration, ionization potential, and the abundance of the isotope measured. Hence, in the slag-phase characterization, the detection limits varied slightly from sample to sample, and to a small extent among the measurement points for a single sample. The LA-ICP-MS detection limit values for each element are summarized in Table V . Particularly, they range from one to ten ppbw for Co, PMs, and PGMs, whereas for Ni, they are about one or two orders of magnitude higher (see Table V) .
In several samples, the concentrations of Ni and Co dissolved in the slag fell in the range, where both analytic techniques were applicable. Therefore, the values measured with both techniques could be compared for validation purposes. In most cases, the Ni and Co concentrations measured with LA-ICP-MS technique were systematically lower (by 10 to 20 pct) than those measured with EPMA ( Figures 7 and 8, respectively) . However, at the lower side of concentrations the values matched well, providing the credibility to the data acquired. The discrepancy at higher concentrations was most likely related to the fact that the concentrations measured are one or even two orders of magnitude higher than in the standard reference material utilized in the laser ablation method. In this case, the standard NIST 612 SRM contains Ni and Co only around 36 to 39 ppmw [36] and the extrapolation to the higher concentrations eventually caused the observed systematic errors.
Summarizing the above, the distribution coefficients of PMs and PGMs were calculated based on the LA-ICP-MS data for the slag and EPMA data for the metallic copper. The distribution coefficients for Ni and Co, as well as for Fe and Cu were calculated based on the obtained EPMA data for both phases. Metal  1000  200  160  70  90  310  150  450  600  160  Slag  1100  160  170  80  80  260  120  380  510  140 D.
Distribution of the Metals Between Copper Alloy and Slag
When an element Me is dissolved in two immiscible liquids, it distributes between them. In equilibrium, the distribution of Me between molten copper and slag can be described by chemical reaction [1] :
where parentheses [ ] and ( ) denote the metallic copper and the slag phases, respectively. The oxidation degree of Me in the slag is 2v. Under the equilibrium conditions, the equilibrium constant K for reaction [1] is expressed as follows:
where p O 2 is the oxygen partial pressure, a MeO v and a Me are the activities of MeO v and Me, respectively. The distribution coefficient of Me between copper alloy ('Cu') and slag ('s') L Cu=s Me is the ratio of weight concentrations of Me dissolved in the phases in equilibrium. Furthermore, by utilizing expression [2] , a relationship between the distribution coefficient and the oxygen partial pressure, as well as the Raoultian activity coefficients c of Me and MeO v in molten copper and slag, respectively, can be derived [17, 46] :
where n T denotes the total number of moles of constituents in 100 g of the respective phase. Therefore, the distribution coefficient L Cu=s Me can also be determined from Gibbs energy change of reaction [1] and the thermodynamic properties of element Me and its oxide MeO v in molten copper and slag, respectively.
The oxidation degree of Me in the slag can be determined from logarithmic form of expression [3] :
is a linear relation, where log 10
K½c Me ðn T Þ is the intercept and À v 2 is the slope. The intercept is a constant value because the activity coefficients are constant, assuming that metallic species in copper alloy and oxide species in the slag follow Henrian behavior, while n T values are nearly constant within a wide oxygen partial pressure range. Also the interactions between the minor solute species can be neglected due to their small concentrations.
The distribution coefficients of the minor solute metals (as well as Fe and Cu) between copper alloy and slag were calculated with Eq. [5] , while the respective standard uncertainties given as error bars were calculated using Eq. four metals, as shown in Figure 9 . The best-fit equations (Eqs. [7] through [10] ) calculated from the experimental data of this study describe the partitioning of Ni, Co, Fe, and Cu as a function of temperature (h/°C) and oxygen partial pressure. An extrapolation beyond the experimental range studied should be done with caution, taking into account the magnetite primary phase field in the lower temperature range and at higher oxygen partial pressures (see Figure 3 ). The distribution ratio of copper ranged from 43 to 2, decreasing with the increasing oxygen partial pressure. The slope of the trend line was approximately 0.3, similar to our previous study. [47] Under reducing conditions, nickel concentration in the metal was about ten times higher than that in the slag, but under the oxidizing conditions, the situation was opposite. Nickel distributed rather evenly at the oxygen partial pressure around 10 À6 atm. The slope of the trend line was approximately 0.5.
Equilibrium concentrations of cobalt and iron in the copper alloy diminished with the increasing oxygen partial pressure and with decreasing temperature. Eventually, they decreased at p O 2 % 10 À6 atm down to the levels of the EPMA detection limit (Table IV) . The slopes of the trend lines for these elements were about the same as for nickel.
Under the most oxidizing conditions of this study, representing the anode furnace processing or fire refining, copper concentration in slag was high, and the slag had therefore a higher basicity. [48] Thus, the distribution coefficients under these conditions followed the trends less consistently. Under the copper fire-refining conditions, it was also clear that cobalt, iron, and nickel maintain so strong interactions with oxygen that they generated solubility minima. This is valid for solute metal at small concentrations and for dissolved oxygen at high solute metal concentrations. [49] [50] [51] This phenomenon explains the behavior of cobalt distribution coefficient at high oxygen activities, Figures 8 and 9 .
The equilibrium concentration of silver in the slag was The LA-ICP-MS detection limits of 1 to 10 ppbw (10 À7 to 10 À6 wt pct) for the noble metals in the slag (see Table V ) and the concentrations of around 1 wt pct for the solute elements in the copper alloy explain well the obtained scatter of the distribution coefficient values at low oxygen pressures, on the distribution coefficient level 10 6 and higher (see Figures 10 and  11) . Furthermore, in the case of silver, its vaporization rate increased significantly with the increasing temperature and oxygen partial pressure. The acceleration of silver vaporization at higher p O 2 is likely related to its higher equilibrium concentration (as AgO 0.5 ) in the slag under more oxidizing conditions and a better exposure of the slag to the gas phase compared to metal alloy. The distribution coefficient of gold was scattered under reducing conditions of p O 2 < 10 À6 atm where its value was on the level of 10 6 , while at higher oxygen partial pressures, its solubility in the slag increased noticeably (Figure 10 ). The limiting slope of the distribution coefficient for gold at high oxygen pressures of p O 2 > 10 À6 atm was between 0.5 and 0.75. The PGMs demonstrated trends similar to gold. It is evident that under reducing conditions, the distribution coefficient values of Pd were scattered on the level below 10 6 , while the values of Pt were larger than 10 6 (see Figure 11) . The 'limiting' slopes of Pt and Pd at high oxygen pressures p O 2 > 10 À6 atm were close to 0.5. The obtained solubilities of PMs and PGMs in the slag were in agreement with recent geochemical data, [28] but are orders of magnitude smaller than suggested by various authors from metallurgical slags. [18, 26, 52] This is most probably due to mechanical entrainment of metal in the slag which is difficult to detect and remove prior to the bulk analysis of the phases, and may be traced by direct microstructure observations only.
Based on the measured distribution coefficients and the determined slopes of the trend lines, the predominant oxide species of cobalt and nickel in the slag are CoO and NiO. Although Fe and in particular Cu are not minor elements, the slopes of their trend lines suggest that their prevailing oxidation degrees in the slag are 2+ (FeO) and 1+ (CuO 0.5 ), respectively. The findings comply well with previous observations. [17, 20, 47, [53] [54] [55] Among the noble metals, silver most likely dissolved in the slag as AgO 0.5 , based on the present oxygen pressure slope of its log L Cu=s Ag trend line. Regarding Au, Pd, and Pt, the understanding of their dissolution mechanisms is still limited. However, their solubilities measured in the silica-saturated Fe-O-SiO 2 slags and the distribution coefficients determined under the oxidizing conditions rule out the possibility of a predominant existence of metallic Au, Pt, and Pd species in the slag. At high oxygen partial pressures p O 2 > 10 À6 atm, the slopes of the distribution coefficient trend lines vs log p O 2 suggest oxidation degrees of MeO for Pt and Pd (see Figure 11) , and between AuO and AuO 1.5 for Au ( Figure 10 ). The observations are in good agreement with recent findings in the literature. [28, 29, 32] Among the studied metals, a pronounced trend was observed for copper (see Figure 9 ) and for those elements which are less noble than copper (Ni, Co, and Fe). Their distribution coefficients (L Cu=s Me ) rise with increasing temperature. The temperature dependencies of the distribution coefficients of the elements correlate to the enthalpy of formation of the respective metal oxide species. [17] i.e., those elements having a large valence and a strong attraction for oxygen represent large enthalpies of formation for their oxides and consequently stronger temperature dependencies of the distribution coefficients ( Figure 9 ). The temperature dependencies of noble metals (PMs and PGMs) were less prominent, probably influenced by analytical uncertainties in their large numerical values, i.e., the extremely low concentrations of these metals in the slag.
IV. CONCLUSIONS
A comprehensive review of fundamentals, [56] regarding phase equilibria and thermodynamics of the Cu-Fe-O-S-SiO 2 quinary system, reported data available by the time. Its sulfur-oxygen potential diagrams were constructed by Yazawa [57] Since then, a continuous effort has been made to develop a comprehensive understanding of the quinary and its subsystems using investigations with experimental and computational tools. [58] [59] [60] [61] [62] However, in copper making of today, besides the main components, various impurities are present in the feed materials. Furthermore, the processing challenges are mainly related to quality of the raw materials, i.e., their copper content, mineralogy, the presence of various impurities, and their concentrations. Apparently, ''copper-making is a technique of minor element control; a quality copper results from a controlled elimination of minor elements in the course of smelting and electrorefining''. [14] Thus, today's great challenge is to improve simultaneous and efficient recovery of the valuable minor elements as byproducts.
The distribution equilibria of Ni, Co, Ag, Au, Pt, and Pd between metallic copper alloys and silica-saturated Fe-O-SiO 2 slags were investigated in this study experimentally from 1250°C to 1350°C and from 10 À8 to 10 À4 atm p O 2 . An analytic methodology was developed for the analysis of major and trace elements in experimental products using in situ methods, key to measuring accurate distributions. The correlations determined for the distribution coefficients, oxygen partial pressure, and temperature, aided in revealing dissolution mechanisms of the trace metals in the slag. The measured distribution coefficients L Cu=s Me could be arranged in the following order: Pt > Au > Pd > > Ag > (Cu) > Ni > Co > (Fe).
The distributions of Ni, Co, and Ag were found to be in good agreement with the most previous authors.
[ 63] It was also confirmed that at high temperatures, more Ni and Co distributed to the copper metal. Gold and PGMs dissolved in Fe-O-SiO 2 slags much less than reported earlier and chemical solubilities of about 10 ppbw at p O 2 = 10 À8 atm were obtained for Au, Pd, and Pt at 1300°C. It was also evident that the distribution mechanisms of Au and PGMs in the slag were based on oxidic dissolution in the slag, and their chemical solubilities in the slag under copper-converting and fire-refining conditions were grossly overestimated in most previous studies on metallurgical slags. The vaporization rate of Ag, making reliable measurements of solubilities and distribution coefficients difficult, increased significantly above 1300°C, deporting silver to the gas phase as flue dust.
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